We previously reported the purification of a complex of two proteins from human chromatin, consisting of a 47-kDa component called RCC1, which is a negative regulator of mitosis, and a 25-kDa protein. Here we show that the 25-kDa protein has a ras-related sequence. It binds guanine nucleotides, and excess Mg2+ and GDP or GTP dissociate the complex. Immunofluorescence studies and biochemical properties indicate that this polypeptide, in contrast to most members of the Ras family, is present in the nucleoplasm as a soluble monomer, in 25-fold excess over the complexed form. We designate this polypeptide Ran, for ras-related nuclear protein.
RCCI has been identified in a baby hamster kidney cell line BHK-21 as a gene whose temperature-sensitive mutation tsBN2 induces mitotic events independent of completed DNA replication. In cells synchronized at the G1/S boundary, shifting to the nonpermissive temperature results in loss of RCC1 protein. As a consequence, p34cdc2 kinase is activated, causing a mitotic phenotype, with chromosome condensation, breakdown ofthe nuclear envelope, and formation of the mitotic spindle (1, 2) . p34cdc2 is the catalytic subunit of the maturation-promoting factor (MPF), a major regulator of mitosis. Its activity is regulated by phosphorylation and dephosphorylation and by subunit rearrangement (see refs. 3 and 4 for review). Induction of mitosis following RCC1 inactivation requires protein synthesis but occurs in the presence of inhibitors of transcription (5) . Thus, the protein encoded by RCCI acts upstream of MPF/cdc2, presumably by controlling the expression of a mitotic inducer by an unknown regulatory mechanism.
A human genomic DNA fragment and a cDNA that complement the tsBN2 mutation in BHK21 cells (6, 7) encode a protein of 45 kDa that is located in the nucleus and is bound to chromatin (8) . In a previous communication (9) , we reported on the isolation of a protein from human chromatin that corresponds to RCC1 in all 205 positions of the amino acid sequence so far elucidated, in molecular mass, and in DNA binding properties. It was isolated as a complex with a polypeptide of 25 kDa (9) . Here we present evidence that this 25-kDa component is a ras-related nuclear protein.
MATERIALS AND METHODS
Rabbit Antiserum to the Complex and Affinity Purification of Antibodies. A rabbit was immunized by injecting 75 ,ug of purified native 68-kDa complex subcutaneously, in Freund's complete adjuvant, and given a booster injection 4 weeks later with the same amount of antigen in Freund's incomplete adjuvant. The animal was bled 6 weeks after the first immunization. Preimmune serum was taken and tested with the complex. Antibodies affinity-purified on polypeptide bands immobilized on nitrocellulose were used as described (9) .
Indirect Immunofluorescence. HeLa cells were grown in monolayer cultures, fixed with 3.7% paraformaldehyde in phosphate-buffered saline at 370C, permeabilized in methanol/acetone, and stained as previously described (9) with fluorescein-conjugated second antibody to rabbit immunoglobulin (Amersham). DNA was stained by adding 50 ng of Hoechst 33342 to 1 ml of washing buffer. To show that the 25-kDa component was a soluble nucleoplasmic protein, cells were extracted with 0.5% Nonidet P-40 in 10 mM sodium phosphate (pH 7.2) at 370C prior to fixation with 3.7% paraformaldehyde in the same buffer, followed by methanol at -20'C for 5 min.
Purification of the Monomeric 25-kDa Component. Growth of HeLa cells, synchronization in mitosis, lysis in the presence of protease inhibitors, immunoblotting, and isolation of the complex were performed as described (9) . For isolation of the monomeric form, lysate from 50 ml of synchronized mitotic (and in control experiments, unsynchronized) HeLa cells was centrifuged at 70.000 x g for 60 min, and the supernatant was made 35-55% saturated with ammonium sulfate. The precipitate was dissolved in 100 mM sodium phosphate (pH 7.0) containing 1 mM dithiothreitol and was incubated with 2 mM GDP for 30 min at 20TC to obtain a uniform nucleotide-protein complex. It was stabilized by 5 mM MgCl2 and gel-filtered on a Sephacryl S-200 column (2.6 x 100 cm) at 4°C in the same buffer with a flow rate of 1 ml/min. The fraction containing the 25-kDa antigen was finally purified on a hydroxylapatite column (Merck; 10 x 150 mm, 10- To determine the amount of 3H-labeled nucleotide bound to protein, the samples were vacuum-filtered through nitrocellulose (Schleicher & Schuell; BA85, 0.45 ,m). After washing with Tris buffer containing 5 mM MgCl2, the protein-bound radioactivity retained by the filter was measured in a Packard 1500 Tri-Carb liquid scintillation analyzer.
After the final purification on hydroxylapatite the Ran protein was largely nucleotide-free. To obtain Ran-GDP complex, 5 ml of the hydroxylapatite fraction containing Ran was brought to 0.5 mM GDP and to 20 mM MgCl2. To remove excess GDP and phosphate buffer, the fraction was gelfiltered on Sephacryl S-200 in 20 mM Tris-HCl, pH 7.5/100 mM NaCl/1 mM dithiothreitol/0. Chromatin. We previously isolated a noncovalent complex of two proteins of 47 and 25 kDa from HeLa chromatin (9) . The larger protein is recognized by autoimmune sera staining centromeres. It shares with RCC1 identical amino acid sequences in all 205 positions identified, molecular weight, and DNA-binding properties. In addition, it binds to an anti-RCC1 antibody kindly provided by T. Nishimoto. The 25-kDa component ofthe complex was not recognized by human autoimmune sera. To investigate the smaller polypeptide, an antiserum to the complex was raised in a rabbit. This serum strongly stained the RCC1 band on immunoblots but had a low titer for the 25-kDa protein (Fig. 1) . Surprisingly, a large amount of the 25-kDa protein was detected in the soluble fraction of HeLa proteins. Whole rabbit antiserum reacted with three additional proteins of 43, 28, and 21 kDa, which were not further characterized, and with a faint band at 180 kDa, which by binding of a specific antibody (a gift from R. Knippers, University of Konstanz) was identified as DNA topoisomerase II. In contrast to the human autoimmune serum initially used, rabbit antiserum raised to the complex did not stain centromeres. Antibody that was affinity-purified on blots of the RCC1 protein crossreacted with all proteins identified with whole serum, except the 25-kDa protein. Therefore, unambiguous localization of the 47-kDa component was not possible. Antibody eluted from the 25-kDa antigen was monospecific for that polypeptide. In interphase, immunofluorescence with this antibody was confined to the nuclei (Fig. 2 ), but when nuclei were prepared, a considerable amount ofthe 25-kDa protein appeared in immunoblots ofthe cytoplasmic fraction. Gel filtration ofan aliquot of the soluble HeLa fraction on Superose 12 showed this protein to be almost exclusively in the monomeric state, which may enable it to readily penetrate the nuclear membrane. In mitosis, the staining was dispersed throughout the cell.
Initial attempts to fractionate the native 25-kDa component by ion-exchange and hydroxylapatite chromatography revealed three forms with widely differing elution positions, which, however, were coeluted in 8 M urea. This suggested the presence of ligands. Reversed-phase chromatography (data not shown) identified the presence of GDP and GTP. to obtain uniform nucleotide binding, and gel-filtered on Sephacryl S-200 (Fig. 3) . Purification to homogeneity was achieved on hydroxylapatite (Fig. 4) .
Identity ofthe soluble monomeric form with the complexed 25-kDa protein from chromatin is indicated by immunological crossreaction, apparent molecular mass in gel electrophoresis, the elution pattern of CNBr fragments from a reversedphase column (Fig. 5) , the amino acid sequences (see below), and the isoelectric points (Fig. 6) stained with Coomassie blue, to be 0.36% of the total cellular protein or 107 copies per cell. This corresponds to a 25-fold excess over the complexed form ( Table 1) .
The 25-kDa Polypeptide Has a ras-Related Sequence. The structural basis for nucleotide binding became evident when we could identify 125 residues of the 25-kDa protein by sequencing peptides derived from cleavage with Asp-N protease, trypsin, or CNBr (Fig. 5) . A search of data banks (EMBL, Genbank; November 27, 1990, and May 31, 1991) with these sequences revealed homology to the reading frame of a cDNA designated TC4 ( Fig. 7; ref. 10 ). This ras-related sequence had been found by screening a human teratocarcinoma cDNA library with oligonucleotides coding for the Ras consensus sequence residues 57-62. There is identity with all residues identified in Ran up to nucleotide sequence. As a consequence, codon 201 codes for leucine instead of termination and the sequence extends beyond the published reading frame to residue 216. We did not find any of the common signal sequences for posttranslational modification at the C terminus that is required for attachment to membranes. This agrees with the intranuclear location, but we have no proof that we have indeed established the C-terminal residue of the protein. The intact protein was blocked at the N terminus; thus a different posttranslational modification is to be expected at this site. In addition, we found two main spots, with isoelectric points of 7.2 and 7.0, upon two-dimensional gel electrophoresis under denaturating conditions. The position of these spots was the same for the complexed and the monomeric form and did not change upon treatment with alkaline phosphatase. Two different peaks on reversed-phase chromatography (Fig. 5) for the C-terminal CNBr fragment correspond to the two isoelectric points; therefore the difference is likely to reside in residues 190-216.
Guanine Nucleotide Binding Properties of Free Ran and RCC1 Ran Complex. Free Ran was used as a nucleotide-free Independent of the concentration of Mg2', this form was saturated with nucleotide in <1 min and bound equimolar amounts ofeither GDP or GTP (Fig. 8) . In an experiment with [y-32P]GTP (data not shown), nucleotide hydrolysis upon binding was found to be very low. Very similar nucleotide binding was obtained with the RCC1lRan complex, which, however, requires the presence of >1 mM Mg2+.
The exchange of bound nucleotide on Ran depended on the concentration of Mg2+ in a manner similar to that observed for the ras gene product p21 (Fig. 9) . In the presence of 5 and Ras p21 (11 Both the complexed and the free form of Ran display the same two isoelectric points of 7.2 and 7.0. Two CNBrderived fragments, separated by reversed-phase chromatography and comprising the C-terminal 27 residues, suggest that a difference, presumably a posttranslational modification, resides in that region. All other Ras-related proteins so far identified have a sequence motif for posttranslational modification involving a cysteine close to their C terminus. We have not found such a motif in Ran. This may explain why it is a readily soluble nuclear polypeptide.
In tsBN2 cells arrested in S phase by inhibitors of DNA synthesis, loss of the mutated RCC1 gene product results in premature activation of the p34cdc2 kinase and consequently induction of mitotic events depending on protein synthesis (1) . This indicates that active RCC1 is required to prevent induction of mitosis before DNA replication is complete. We have found that RCC1 catalyzes the exchange of guanine nucleotides on Ran (13) . By analogy to the Ras system, binding of GTP should activate the Ran protein. Thus, in S phase, RCC1 might be responsible for maintaining a high intracellular concentration ofRan-GTP, which is necessary to prevent the synthesis of a mitotic inducer. Upon completion of DNA replication the pool of activated Ran protein could be depleted by the inactivation of RCC1 and/or by modulating the activity of a Ran-specific GTPase-activating protein.
Note Added in Proof. In a recent publication (14) genes corresponding to mammalian RCC1 and TC4 have been characterized in Schizosaccharomyces pombe as being involved in the initiation of mitosis. They are designated piml and spil, respectively. The authors also provided a corrected amino acid sequence for TC4, which differs only in positions 206 and 207 (Asn-Pro) from that given for Ran in Fig.   7 (Thr-Thr).
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